The development of nephrotoxicity limits the maximum achievable dosage and treatment intervals for cisplatin chemotherapy. Therefore, identifying mechanisms that regulate this toxicity could offer novel methods to optimize cisplatin delivery. MicroRNAs are capable of regulating many different genes, and can influence diverse cellular processes, including cell death and apoptosis. We previously observed miR-155 to be highly increased following ischemic or toxic injury to the kidneys and, therefore, sought to determine whether mice deficient in miR-155 would respond differently to kidney injury. We treated C57BL/6 and miR-155 −/− mice with 20 mg/kg of cisplatin and found a significantly higher level of kidney injury in the miR-155 −/− mice. Genome-wide expression profiling and bioinformatic analysis indicated the activation of a number of canonical signaling pathways relating to apoptosis and oxidative stress over the course of the injury, and identified potential upstream regulators of these effects. One predicted upstream regulator was c-Fos, which has two confirmed miR-155 binding sites in its 3 UTR and, therefore, can be directly regulated by miR-155. We established that the miR-155 −/− mice had significantly higher levels of c-Fos mRNA and protein than the C57BL/6 mice at 72 h after cisplatin exposure. These data indicate a role for miR-155 in the cisplatin response and suggest that targeting of c-Fos could be investigated to reduce cisplatin-induced nephrotoxicity.
involved in the regulation of apoptotic processes in cancer cells (Drayton, 2012) . Therefore, we were interested to determine the role of miRNAs in the response to cisplatin-induced injury in the kidney.
We have previously shown miR-155 to be highly upregulated following bilateral renal ischemia reperfusion injury (IRI) or the administration of gentamicin at concentrations toxic to rat kidneys . Increased expression of miR-155 has also been found in solid tumors of diverse origin such as breast, lung, colon, and pancreas (Gironella et al., 2007; Volinia et al., 2006) . In the kidneys, miR-155 expression has been observed in relation to renal malignancies, immunological events, as well as in response to injury. Normal and cancerous regions of tissues isolated from renal cell carcinoma patients could be distinguished by expression of miR-155, and some association with pathological stage was observed (Juan et al., 2010; Li et al., 2012) . High levels of miR-155 expression in the kidneys have also been associated with IgA nephropathy, and renal allografts undergoing acute rejection (Anglicheau et al., 2009; Wang et al., 2011) . More recently, it has been shown that miR-155 is upregulated in the kidneys of patients with glomerulonephritis and that miR-155 −/− mice have a reduced onset of glomerulonephritis characterized by an attenuated Th17 response (Krebs et al., 2013) . Given that miR-155 has been implicated in the regulation of a number of pathways related to the induction of apoptosis and the control of inflammation, both of which are important for the progression of cisplatin-induced kidney toxicity, we investigated whether mice deficient in the expression of miR-155 would have differences in the development of kidney toxicity following the administration of cisplatin. We found an increased severity of kidney injury in the miR-155 −/− mice in response to cisplatin, with higher levels of apoptosis observed, and gene expression analysis indicated that the miR-155 target, c-Fos, may be dysregulated in these mice. The research presented here demonstrates a role for miR-155 in the regulation of the injury response in kidneys exposed to cisplatin, and may indicate novel targets in cisplatin-induced nephrotoxicity.
MATERIALS AND METHODS
Mice. Prof. Howard Weiner (Brigham and Women's Hospital) kindly provided breeding pairs of miR-155 −/− mice (B6.Cg-
Mir155
tm1.1Rsky /J [Thai et al., 2007] originally purchased from The Jackson Laboratory). Age and weight matched C57BL/6 (wild type) mice were used as controls. All mice were maintained under standard housing conditions in accordance with NIH guidelines for the care and use of laboratory animals. All animal experiments were performed with the approval of the Institutional Animal Care and Use Committees (IACUC) of Harvard Medical School.
Kidney injury and collection of tissues. One group of male mice was injected with a single 20 mg/kg dose of cisplatin as described previously, with saline-injected mice used as controls . Another group of male mice were subjected to bilateral renal IRI surgery for 30 min as described previously (Ajay et al., 2012) . Animals that received sham surgery underwent anesthesia and laparotomy only and were sacrificed after 24 h to be used as controls. The unilateral ureteral obstruction (UUO) studies were conducted in female mice. These mice were anesthetized with an intraperitoneal injection of sodium pentobarbital (50 mg/kg of body weight), the left kidney was exposed via a flank incision, and a 3.0 silk suture used to tie off the ureter at the lower pole. The contralateral kidneys were used as controls.
At the time of sacrifice, blood was transferred into heparinized tubes and centrifuged at 10000 × g for 10 min at 4
• C to separate the plasma, which was collected and stored at −80 • C for further analysis. The kidneys collected for histology were cut along the frontal plane and fixed in 10% neutral buffered formalin overnight before being transferred to 70% ethanol. After being processed and embedded in paraffin, 6 m sections were prepared. The remaining kidney tissue was snap frozen in liquid nitrogen for RNA and protein analysis.
Clinical chemistry and histology scoring. Serum creatinine (SCr) and blood urea nitrogen (BUN) were measured as described previously Krishnamoorthy et al., 2011 ). An independent pathologist evaluated H&E stained sections under a light microscope (only the time point for each group of samples was disclosed). A kidney injury score grading scale from 0 to 5 was used to assess the severity of the injury: 0 = no lesions; 1 = minimal injury characterized by occurrence of necrosis and debris; 2 = mild injury with single cell necrosis, pyknotic cells, and apoptosis; 3 = moderate injury characterized by tubular distension, vacuolation, and some cellular debris; 4 = severe injury with occasional hyaline casts observed, patchy epithelial necrosis, and attenuated tubular epithelial lining; and 5 = very severe injury characterized by extensive tubular epithelial necrosis in all segments, loss of epithelial layer from many tubules with widespread intraluminal cellular debris, and frequent hyaline casts particularly prominent in the medullary region. The injury was evenly distributed throughout the kidneys, and the percentage of tubules exhibiting damage was incorporated into the scoring with higher scores correlating with larger areas of affected tissue. Representative images demonstrating the histological changes observed for each acute tubular injury score level are shown in Supplementary figure 1.
RNA isolation and qRT-PCR. RNA was isolated from kidney tissue using Trizol Reagent (Life Technologies), with the quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) carried out as described previously (Krishnamoorthy et al., 2011) . The miRNA was analyzed using a TaqMan MicroRNA Reverse Transcription Kit and TaqMan Universal Master Mix II with TaqMan MicroRNA Assays for mmu-miR-155-5p and U87 (Life Technologies).
Microarray and data analysis. RNA was extracted from kidney tissues using miRNeasy Mini Kits (Qiagen). Microarray analysis was conducted using 500 ng of total RNA and Mouse GE 4×44K v2 Microarrays (Agilent). Sample labeling, microarray hybridization, and washing were done following the One-Color Microarray-Based Gene Expression Analysis Protocol (Agilent, v6.5). The microarrays were scanned with the Agilent DNA Microarray Scanner (5 m resolution) and the resulting images analyzed by Agilent Feature Extraction Software (v10.5). Array data were normalized using 75th percentile normalization (TargetValue = 1000) within USFDA's ArrayTrack (Fang et al., 2009; Tong et al., 2003) and differentially expressed genes were identified using limma (Smyth, 2004 (Smyth, , 2005 . Genes that were differentially expressed (p Ͻ 0.0001) were used for further analysis with Ingenuity Pathway Analysis (IPA). Heatmaps were generated using the MultiExperiment Viewer software. MicroRNA-155 targets were identified using the microRNA.org database (Betel et al., 2008 (Betel et al., , 2010 . The complete dataset is available in the GEO database (GSE57292). Analysis of apoptosis. TUNEL staining was carried out using 6 m Formalin-Fixed, Paraffin-Embedded (FFPE) sections and an In Situ Cell Death Detection Kit with Fluorescein detection (Roche). Ten fields of view were randomly captured for each sample without knowledge of the sample's group and TUNEL positive nuclei were determined using ImageJ.
Protein and western blotting. Protein was extracted from tissue homogenates using RIPA buffer, denatured with protein loading dye, and resolved on a 4-12% Bis-Tris gel (Life Technologies). The proteins were transferred to nitrocellulose membrane and probed for c-Fos (Santa Cruz), and ␤-actin (Cell Signaling Technology), and imaged using a ChemiDoc (BioRad). The images were collected and analyzed using ImageLab software (BioRad).
Statistical analyses.
Results are expressed as mean ± SEM. Statistical analyses were performed using t-tests with a statistical significance of p Ͻ 0.05 (GraphPad Prism software).
RESULTS

MicroRNA-155 Deficient Mice Demonstrate a Higher Susceptibility to Cisplatin Nephrotoxicity
Given our previous identification of miR-155 as a highly upregulated miRNA in response to ischemic and toxic insult to the kidney, we sought to determine the role of miR-155 in cisplatininduced kidney injury. We found that miR-155 −/− (knockout) mice treated with a single dose of 20 mg/kg cisplatin displayed a considerably higher level of kidney injury than C57BL/6 (wild type) controls. At 72 h, the level of SCr was 6.7-fold higher in the . Both the wild-type and knockout mice showed similar histological features at 24 h, with minimal frequency of single cell necrosis and occasional karyopyknosis. However, from 48 h onward, the miR-155 −/− mice had a significantly higher degree of injury as demonstrated by diffuse degenerative epithelial changes including low or absent epithelial lining with prominent epithelial necrosis in all segments and widespread intraluminal cellular debris. In contrast, these changes were rarely observed in the C57BL/6 mice and they displayed a milder injury, with only focal tubular distension and loss of epithelial lining, in addition to less evident necrosis, epithelial vacuolation, and only occasional collections of intraluminal cellular debris (p Ͻ 0.05 from 48 h onward; Figs. 1D and E). These findings demonstrated that the miR-155 −/− mice developed a higher level of kidney injury following the administration of cisplatin.
The Responses to Ischemic and Fibrotic Kidney Injuries Are Not Affected by miR-155 Expression
To determine whether the increased severity of kidney injury was specific to cisplatin-induced kidney toxicity, we also investigated the response of miR-155 −/− mice to bilateral renal IRI and kidney fibrosis induced by UUO. The ratio for each of these pathways is shown (C) and represents the proportion of genes in that pathway that are significantly differentially expressed in each data set.
renal IRI demonstrated a peak of SCr and BUN at 24 and 48 h, and significantly increased expression of Kim-1 mRNA in the kidneys at 24 h when compared with mice that had been subjected to sham surgery (Supplementary figs. 2A-C). However, comparison of wild-type and knockout mice at each time point did not show any differences in the level of injury. Similarly, mice subjected to UUO surgery exhibited high levels of Kim-1 expression in kidneys at 7 and 14 days post-surgery (Supplementary fig. 2E ), in addition to sustained increases in the expression of fibrosisassociated genes such as ␣-smooth muscle actin, collagen 1A1, and fibronectin (Supplementary figs. 2F-H), but no differences were observed in either the injury response or the level of fibrosis when the knockout and the wild type were directly compared. This would suggest that miR-155 may be regulating a protein or pathway that is central to the development of cisplatininduced nephrotoxicity, whereas any proteins or pathways that may be targeted by miR-155 in the IRI or UUO models are not essential for the development of ischemic or fibrotic kidney injury. We hypothesized that miR-155 expression would be increased over the course of the cisplatin injury, but not in mice subjected to IRI or UUO where the C57BL/6 and miR-155 −/− mice showed the same response to injury. To establish whether miR-155 expression differed between each of these models, and therefore might explain why the increased injury was only observed in the miR-155 −/− mice treated with cisplatin, expression of miR-155 in the kidneys of C57BL/6 mice was measured using Taqman miRNA assays and normalized to U87. The expression of miR-155 did not change over the course of the cisplatin injury or bilateral renal IRI in C57BL/6 mice (Supplementary figs. 3A and B), but at 7 and 14 days following UUO surgery, miR-155 was 1.8-and 3.5-fold higher, respectively (p Ͻ 0.01; Supplementary fig. 3C ). These results indicate that mice and rats have different miRNA expression in response to ischemic and toxic injuries to the kidneys, as we have shown here that mice subjected to bilateral renal IRI or the administration of cisplatin showed no change in miR-155 expression, whereas we had previously seen that miR-155 expression was increased in rats exposed to similar injuries .
Gene Expression Profiling Indicates Higher Apoptotic and Oxidative Stress Signaling in miR-155 −/− Mice Following Cisplatin Treatment
To investigate the molecular mechanisms responsible for increased cisplatin-induced toxicity in the miR-155 −/− mice, we performed genome-wide expression profiling on kidneys isolated from wild-type and knockout mice at 0, 24, 48, and 72 h. We began by analyzing the gene expression changes that occurred over the course of the injury using limma (Smyth, 2004 (Smyth, , 2005 with a significance threshold of p Ͻ 0.0001. Of the 2243 genes that were observed to be differentially expressed during at least one time point in the C57BL/6 mice, 1178 were upregulated and 1065 were downregulated ( Fig. 2A) . In contrast, we observed 3266 genes to have a significant change in expression in the miR-155 −/− mice, with 1791 genes upregulated and 1475 genes downregulated ( Fig. 2A) . We used the calculated fold changes and p values for these genes to conduct an analysis using IPA software. There were a number of pathways related to apoptotic signaling and oxidative stress that were commonly upregulated across the time course of injury in both the knockout and the wild-type mice. Of the top five pathways identified, the NRF2-Mediated Oxidative Stress Response and p53 Signaling were more strongly associated with the 24 h time point for both the knockout and the wild-type mice, whereas Apoptosis Signaling, Production of Nitric Oxide and Reactive Oxygen Species by Macrophages, and Acute Phase Response Signaling showed a stronger association at 48 and 72 h (Fig. 2B) . In comparing the two strains of mice, we found that a higher ratio of the genes comprising each canonical pathway were found in the dataset of differentially expressed genes from the miR-155 −/− mice, especially at later time points (Fig. 2C) . When we visualized apoptosis occurring in the kidneys using TUNEL staining, we found a 1.8-fold increase in apoptotic nuclei in the knockout mice at 72 h with over 100 TUNEL positive nuclei observed for each field of view in the knockout (p = 0.033; Figs. 3A and B). In contrast, generally fewer than 65 TUNEL positive nuclei were observed per field of view for the C57BL/6 mice (Figs. 3A and B). Investigation of a few selected inflammatory and injury response cytokines associated with the identified canonical pathways demonstrated 2.1-and 3.7-fold higher levels of TNF␣ and IL-1␤ in the miR-155 −/− mice at 72 h (p = 0.027 and 0.023;
Figs. 3C and D). IL-6 expression was noticeably increased over the course of the injury in both wild-type and knockout mice, and was 8.0-fold higher in the miR-155 −/− mice at 72 h when compared with the wild-type mice (p = 0.059; Fig. 3E ). This indicates a higher level of kidney damage in the miR-155 −/− mice following cisplatin administration, demonstrated by increased levels of injury-associated cytokines and apoptotic cells in the knockout mice.
Cisplatin Injury Induces Higher Expression of the miR-155 Target c-Fos in the Knockout Mice
To identify genes that may be responsible for the increased severity of kidney injury in the miR-155 −/− mice, we identified transcription factors that were predicted to be upstream regulators of the observed gene expression (using IPA). Two transcription factors central to the canonical pathway predictions, p53 and Nrf2, were both identified as potential upstream regulators in addition to c-Fos, Hnf4a, and Trim24. Using the microRNA.org resource, we identified miR-155 binding sites within the 3 UTR for four of the top five predicted upstream regulators (Fig. 4) . The mirSVR score uses miRanda sequence binding predictions calibrated to correlate with target gene downregulation and can be interpreted as an empirical probability of target inhibition (Betel et al., 2010) . This database also calculates a PhastCons score for each predicted binding site that corresponds to the phylogenetic conservation of the binding site and may imply a conservation of the miRNA-mRNA interaction (Betel et al., 2008) . The authors of this resource recommend a maximum of −0.1 for the mirSVR score to increase the likelihood of identifying a binding pair with a meaningful interaction, and a cut-off of 0.57 to select for target site conservation among mammals (Betel et al., 2008 (Betel et al., , 2010 . The single site predicted for Hnf4a does not meet the recommended criteria for the scoring of the binding site, or mammalian conservation (Fig. 4C) , whereas Trim24 has a single predicted binding site that narrowly meets the recommended mirSVR and PhastCons score limits (Fig. 4D) . The 3 UTR of Nrf2 has a predicted miR-155 binding site that has a PhastCons score that would not indicate sequence conservation, but this site has a very high mirSVR score suggesting a high probability of functional binding (Fig. 4A) . Of the three miR-155 binding sites predicted to exist in the c-Fos 3 UTR, the two binding sites closest to the 3 end both have high mirSVR and PhastCons scores, indicating mammalian conservation and a high probability of functional interactions (Fig. 4B ). Of these transcription factors, c-Fos has previously been shown to be regulated by miR-155, with luciferase reporter assays confirming a functional interaction for both the human and mouse c-Fos 3 UTR (Dunand-Sauthier et al., 2011) .
Results from the microarray experiment indicated the expression of both Nrf2 and c-Fos to be increased over the course of cisplatin injury in the C57BL/6 and miR-155 −/− mice, whereas the expression of Trim24 was unchanged in response to cis- platin. The expression of Hnf4a was decreased (data not shown). The expression changes of Nrf2 and c-Fos were confirmed by qRT-PCR. No significant difference in Nrf2 expression was observed between the knockout and the wild type at any of the time points (Fig. 5A ), but the expression of c-Fos was 2.9-fold higher in the miR-155 −/− mice when compared with the C57BL/6 mice at 72 h (p = 0.019; ther direction during at least one time point, separated the list based on whether the gene was upregulated or downregulated during the injury in the C57BL/6 mice, and performed hierarchal clustering using MultiExperiment Viewer software (Figs. 5E and F) . Overall, the c-Fos regulated genes showed similar expression patterns, but there were a number of gene clusters showing a heightened expression in the miR-155 −/− mice, including genes such as Socs3, Mapk6, Tgf-␤1, and Mmp10 that had markedly higher expression in the knockout at 72 h (Fig. 5F ). Additionally, c-Fos binding partners such as Mafk and c-Jun were also noticeably upregulated in the miR-155 −/− mice at 72 h (Fig. 5F ).
These results demonstrate the increased expression of c-Fos in the knockout mice, which are unable to mediate regulation of gene expression via miR-155, and suggest that unregulated production of c-Fos in response to cisplatin may increase the level of apoptosis in the kidneys.
DISCUSSION
In this paper, we have shown that miR-155 knockout mice experience a greater degree of kidney injury following the administration of cisplatin. When we expanded our study to include diverse kidney injury models such as bilateral renal IRI and UUO, representing ischemic and fibrotic injuries respectively, we found no difference in the development of injury between the miR-155 −/− and C57BL/6 mice, suggesting that miR-155 reg- . AP-1 complexes have established roles in processes essential for cell survival, such as proliferation and differentiation, but can also act to induce apoptosis depending on the combination of proteins composing the AP-1 dimer, as well as the cell type and context (Fleischmann et al., 2003; Ishihara et al., 2011; Zhang et al., 2007) . In particular, the combination of c-Fos with JunB or JunD is understood to inhibit anti-apoptotic proteins such as Bcl2 and Bcl-xL, resulting in increased apoptosis Passegue et al., 2001) . Analysis of the microarray data indicates that the expression of JunB and JunD is both higher in the miR-155 −/− mice at 72 h, but to understand how c-Fos may be linked to the increased levels of apoptosis seen in the miR-155 −/− mice, it will be necessary to establish the binding partner of c-Fos in the AP-1 complex in this model. The increased expression of c-Fos has previously been observed in human primary proximal tubule cells treated with cisplatin, and a functional AP-1 complex can be detected as soon as 2 h following treatment of the cells (Wainford et al., 2009) . Additionally, the ectopic expression of c-Fos in serum-starved human colorectal cancer cell lines was sufficient to induce apoptosis, whereas in human hepatoma cells the induced expression of a dominant negative form of c-Fos protected the cells from apoptosis (Kalra and Kumar, 2004; Preston et al., 1996) . These previous findings provide evidence for the increased expression of c-Fos resulting in the induction of apoptosis, and indicate mechanisms by which the higher levels of c-Fos we have observed in the miR-155 −/− mice may lead to more apoptosis.
Whereas we have identified an association between miR-155 and c-Fos in our study, miRNAs are able to regulate multiple genes simultaneously, and it is therefore possible that other proapoptotic genes could also be inhibited by miR-155 during the cisplatin response. Apart from the regulation of c-Fos (DunandSauthier et al., 2011) , miR-155 has demonstrated functional relationships with a number of other apoptosis-related genes. In Capan2 cells, inhibition of miR-155 was shown to increase the expression of Tp53inp1, and exposure to gamma radiation led to higher levels of apoptosis in cells without miR-155 (Gironella et al., 2007) . An inverse correlation between miR-155 and the tumor suppressor Foxo3a has been observed in breast cancer cell lines and tissues, and the inhibition of miR-155 led to increased apoptosis in cells treated with doxorubicin, paclitaxel, or VP16 (Kong et al., 2010) . Higher levels of apoptosis in response to cisplatin have also been observed in A549 cells with inhibited expression of miR-155, and a relationship between miR-155 and the apoptosis activator Apaf-1 was suggested as the increased susceptibility to apoptosis was reduced when Apaf-1 was also inhibited (Zang et al., 2012) . Other genes that have previously been associated with apoptosis and are confirmed targets of miR-155 include Bach1, Map3k7ip2, Pmaip1, Tspan14, and Lpin1 (Ceppi et al., 2009; Koch et al., 2012) . These results in combination with our findings provide evidence for the ability of miR-155 to regulate the apoptotic response to DNA-damaging compounds such as cisplatin. Investigation of cisplatin-induced kidney toxicity in mice deficient for both c-Fos and miR-155 would indicate whether the regulation of c-Fos is the primary mediator of the effect we have observed here, or if additional apoptotic proteins are regulated in the kidneys following the administration of cisplatin.
The findings presented here demonstrate that the inhibition of miR-155 can affect the development of cisplatin-induced kidney toxicity, leading to increased apoptosis and cell death. We identified c-Fos as a potential target of miR-155 during the cisplatin response, and confirmed differential expression of c-Fos mRNA and protein in the miR-155 −/− mice at 72 h. A greater understanding of the various molecular mechanisms responsible for cisplatin-induced kidney toxicity is essential in the development of targeted therapeutics to reduce the effect of nephrotoxicity in clinical practice without sacrificing anti-tumor efficacy.
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